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Aberrant glycosylation occurs in essen-
tially all types of experimental and

human cancers, as has been observed for
over 35 years, and many glycosyl epitopes
constitute tumor-associated antigens. A
long-standing debate is whether aberrant
glycosylation is a result or a cause of
cancer. Many recent studies indicate that
some, if not all, aberrant glycosylation is a
result of initial oncogenic transformation,
as well as a key event in induction of
invasion and metastasis. Glycosylation
promoting or inhibiting tumor cell inva-
sion and metastasis is of crucial impor-
tance in current cancer research. Never-
theless, this area of study has received
little attention from most cell biologists
involved in cancer research, mainly be-
cause structural and functional concepts
of glycosylation in cancer are more dif-
ficult to understand than the functional
role of certain proteins and their genes
in defining cancer cell phenotypes. Gly-
cosylation appears to be considered ‘‘in
the shade’’ of more popular topics such as
oncogenes and antioncogenes, apoptosis,
angiogenesis, growth factor receptors, in-
tegrin and caderin function, etc., despite
the fact that aberrant glycosylation pro-
foundly affects all of these processes.

The concept of glycosylation-dependent
promotion or inhibition of tumor progres-
sion has developed in conjunction with clin-
icopathological studies. High expression of
some glycosyl epitopes promotes invasion
and metastasis, leading to shorter 5–10 year
survival rates of patients, whereas expres-
sion of some other glycosyl epitopes sup-
presses tumor progression, leading to higher
postoperative survival rates (for review
see refs. 1 and 38). The former category of
epitopes includes �6GlcNAc branching in
N-linked structure; sialyl-Tn in O-linked
structure; sialyl-Lex, sialyl-Lea, and Ley in
either N-linked, O-linked, or lipid-linked
structure; GM2, GD3, and sialyl-Gb5 in
lipid-linked structure. The latter category
includes �4GlcNAc competitive with �6Gl-
cNAc; histo-blood group A and B compet-
itive with sialylated structures including sia-
lyl-Lex and sialyl-Lea; Gb5 competitive with
sialyl-Gb5. The expression mechanism of
these glycosyl epitopes in terms of status of

respective glycosyltransferase genes has
been extensively studied (2); however, little
is known concerning the mechanisms
through which specific glycosyl epitopes in-
duce invasive and metastatic phenotypes of
tumor cells.

In this issue of PNAS, Kakugawa et al. (3)
report a ganglioside change caused by en-
hanced expression of ganglioside-specific
sialidase ‘‘Neu3’’ in colorectal cancer.
Neu3 mRNA level in 32 cases was enhanced
3- to 100-fold compared with nontumor
mucosa. Ganglioside
sialidase level was
also greatly enhanced
in these and other
cases (total n � 50). Re-
sulting lactosylceramide
(Lac-cer) is claimed to
inhibit apoptosis, mainly
through increased Bcl-2
and decreased caspase
expression (Fig. 1, route 1). Although the
study is limited to Lac-cer function, a pos-
sibility is opened that various desialy-
lated glycosphingolipid (GSL) core
structures may affect some yet-unknown
process to enhance tumor growth, inva-
siveness, and metastasis. The results
pave the way for new study trends of
ganglioside and GSL function in tumor
progression.

The linkage between Lac-cer expres-
sion and inhibition of apoptosis, described
by Kakugawa et al. (3) is novel; however,
a key point to be clarified is how Lac-cer
induces signaling to enhance Bcl-2. Apo-
ptosis was previously found to be associ-
ated with Ley expressed in various types of
cancer (4), and with Lex in colonic ade-
nocarcinoma HT29 cells caused by en-
hanced �13 3FT (5). Continuous expres-
sion of GM3 and N-glycosylation in
Chinese hamster ovary mutant ldlD, as-
sociated with CD9 and CD82, induces
apoptosis (6). Thus, the apoptotic signal-
ing triggered by glycosylation presents an
immense challenge for future study.

Kakugawa et al. (3) regard decrease of
GM3 and increase of Lac-cer as the major
target of Neu3. However, they paid little
attention to the cell biological function of
GM3, which is regarded as a target of en-

hanced Neu3 expression. GM3 inhibits cell
motility�invasiveness when complexed with
CD9 or CD82 (6), which are antimetastatic
membrane proteins collectively termed
‘‘tetraspanin’’ (7, 8). In various colorectal
(9) and bladder cancer (10) cell lines, GM3
and CD9 are coexpressed, and inhibit Ma-
trigel- or laminin-5-dependent cell motility
through �3 integrin�CD9�GM3 complex in
glycolipid-enriched microdomain (11) (Fig.
1, route 2). However, a different ganglioside
monosialo-Gb5, complexed with CD9

in breast cancer MCF7
cells, strongly enhances
motility�invasiveness
(39) (Fig. 1, route 5).

Neu3 may enhance
malignancy through re-
duction of the motility-
inhibitory effect of
GM3�CD9. Similar
considerations may ap-

ply to the inhibitory effect of GM3 on
epidermal growth factor (EGF) receptor
tyrosine kinase (e.g., ref. 12) (Fig. 1, route
3). There have been many studies on effect
of gangliosides on various growth factor
receptor tyrosine kinases (for review see
ref. 13). Tyrosine kinases in growth factor
receptors, particularly EGF, are a current
target of anticancer therapy (14); there-
fore, effects of gangliosides and N-
glycosylation on EGF receptor (15) are of
central importance.

GD3 may promote tumor cell motility
and growth, possibly through angiogenesis
and vascular endothelial growth factor
(VEGF) production, as evidenced by anti-
sense approach using GD3 synthase gene
(16) (Fig. 1, route 4). GM3 in mouse
ependymoblastoma tumor cell line EPEN
inhibits tumor growth and angiogenesis,
whereas induction of GM2, GM1, and
GD1a synthesis through �4GalNAc-T
transfection leads to higher vascularization
and enhanced VEGF production (17).

Perhaps the most widely occurring gly-
cosylation change inducing malignancy is
enhanced �6GlcNAc side chain branching

See companion article on page 10718.
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of N-linked structure, caused by enhanced
activity of GnT-V (18) (Fig. 1, route 6),
and counteracting �4GlcNAc (bisecting
GlcNAc) synthesized by GnT-III (Fig. 1,
route 7). The level of both epitopes is
determined by the balance between
GnT-V and GnT-III (19). This topic was
elaborated by cloning of genes for these
two enzymes. Up-regulation of GnT-V
gene, promoted by oncogene family Ets
(20, 21), leads to enhanced expression of
�6GlcNAc branching, whereas GnT-III
gene reduces such branching. Enhanced
GnT-III gene inhibits �6GlcNAc branch-
ing, leading to suppression of metastasis,
in B16 melanoma (22). In this process, one
of the targets appears to be E-cadherin,
in which enhanced �4GlcNAc reduces

�6GlcNAc branching, leading to en-
hanced cadherin-dependent cell-to-cell
adhesion and consequent suppression of
metastasis (23) (Fig. 1, route 7a). Thus,
GnT-V displays prometastatic effect,
whereas GnT-III is antimetastatic. The
prometastatic effect of GnT-V is ascrib-
able to stabilization of active matriptase
by addition of �6GlcNAc side chain (24)
(Fig. 1, route 6a). Surprisingly, the se-
creted form of GnT-V per se is angiogenic,
which also promotes metastasis (25) (Fig.
1, route 6b).

Another series of in-depth studies of
prometastatic glycosylation deals with
SLex and SLea, both of which have been
identified as tumor-associated antigens
and as E-selectin epitopes, and may pro-

mote adhesion of tumor cells to endothe-
lial cells. Clinically, expression of SLex

(26) and SLea (27) is inversely correlated
with postoperative survival rate of pa-
tients. Experimentally, human lung ade-
nocarcinoma cell lines showing higher
metastatic potential in nude mice express
long-chain SLex defined by mAb FH6
(28). The importance of SLex carried by
long-chain polyLacNAc in inducing me-
tastasis was demonstrated in Lex-express-
ing B16�F1 melanoma cells transfected
with �1 3 3 FucT-III gene (29), and in a
few colorectal cancer cell lines reactive
with FH6 and showing preferential adhe-
sion to hepatocytes (30). On the other
hand, SLex defined by IgG3 mAb SNH4,
which reacts with SLex regardless of car-
rier chain, is expressed highly ‘‘just ahead
of the invasive front’’ of colorectal cancer
(31). Thus, the same SLex epitope carried
by different carbohydrate chains produces
different adhesive and�or invasive prop-
erties of tumor cells.

Most human cancer cell lines do not
bind to P-selectin unless P-selectin glyco-
protein ligand-1 (PSGL-1) gene is trans-
fected (32). Sialyl-6-sulfo-Lex, identified
as L-selectin ligand (33), also binds to E-
and P-selectin (34). Therefore, cancer
cells expressing sialyl-6-sulfo-Lex, without
PSGL-1, may display P-selectin-depen-
dent adhesion (Fig. 1, route 8).

Many types of disialogangliosides and
sialylated O- or N-linked glycans are tar-
gets of a variety of siglecs with different
specificities (35, 36) (Fig. 1, route 9). The
tumor biological significance of siglec-
dependent binding of tumor cells to target
cells remains to be elucidated.

Finally, I will emphasize one unique
property of GSLs directly involved in cell
adhesion through GSL-to-GSL interac-
tion between counterpart microdomains
organized with signal transducers. Many
tumor-associated GSL antigens belong to
this category, and form ‘‘glycosynapses’’.
Tumor progression is associated with
overexpression of defined types of GSLs
involved in GSL-dependent adhesion of
tumor cells to target cells, which activates
signal transducers to enhance motility and
invasiveness (37).

As suggested by Kakugawa et al. (3), Neu3
inhibitors could be useful in development of
antitumor drugs. Similarly, inhibitors of var-
ious other processes described above, such
as GnT-V, selectin epitopes, selectin per se,
and specific GSLs, could be realistic targets
for development of antimetastatic reagents
in the future.
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Fig. 1. Glycosylation defining malignancy (invasive and metastatic phenotype of tumors). Tumor cell
malignancy is defined by several key phenotypes: apoptosis (route 1), motility (routes 2 and 5), EGF receptor
tyrosinekinase (route3),angiogenesis (routes4and6b),matriptase (matrix-destroyingenzyme)activity (route
6a), self-adhesion (through cadherin) (route 7a), adhesion to ECM (through integrin), adhesion to ECs and
platelets (through E- or P-selectin) (route 8), adhesion to blood cells and other parenchymatous cells (through
siglecs) (route 9). Each phenotype is up- or down-regulated (1, 2) by different status of glycosylation as
explained in the text and indicated in the figure. Phenotypes with 1 or 2 and green color inhibit tumor
invasiveness. Those with1or2 and pink color promote invasiveness. Glycosyl epitopes capable of binding to
specific ligands (pink color without arrow) promote invasiveness. Ligands with yellow color have variable or
unclear effect on invasiveness. Note that a given phenotype is produced by different glycosylations, and a
given glycosylation produces different phenotypes. Phenotypic changes have cooperative effects on malig-
nancy. For example, GM3 inhibits motility through �3�CD9 complex and also inhibits EGF receptor tyrosine
kinase (routes 2 and 3). Reduction of GM3 inhibits apoptosis (route 1), but promotes motility and proliferation
(negativeroute2and3effect).Essentiallyallglycosylationpathwayscatalyzedbymultipleglycosyltransferases
and their genes are well established (for review see 2). However, the mechanism by which each type of
glycosylation affects the various phenotypes remains to be studied. Structures of GSLs are abbreviated
according to International Union of Pure and Applied Chemistry–International Union of Biochemistry nomen-
clature recommendations. S, sialyl; MS, monosialyl; DS, disialyl.
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